Memory and learning are thought to result from changes in synaptic strength. Previous studies on 17 synaptic physiology in brain slices have traditionally been focused on biochemical processes. Here,
Introduction 32
Modulation of neuronal communications has traditionally been viewed as chemically induced 33 (Kandel et al., 2012) . However, recent evidence shows that mechanical cues influence many 34 biological processes (Wang et al., 2009) . Neurons are particularly sensitive to their mechanical 35 micro-environment. For example, ion channels are mechano-sensitive, such that a high-enough stress 36 induces structural changes in a protein complex, and hence a change in functionality (Sachs, 2010) . 37 In addition, growth of neurons can be induced by an applied stretch (Pfister et al., 2004) . For 38 example, dorsal root ganglion neurons are able to respond to a steady stretch and adjust their length 39 Stretch Induced Hyperexcitability 2 This is a provisional file, not the final typeset article to as far as a thousand times their original length. Application of stretch in the physiological range to 40 frog neuromuscular junctions increases the frequency of spontaneous activities and the amplitude of 41 evoked activities (Chen and Grinnell, 1995) within tens of milliseconds. Embryonic drosophila motor 42 neurons actively maintain a rest tension of about a nano-Newton, and the loss of that tension prevents 43 neurotransmitter vesicle clustering at the presynaptic terminal (Siechen et al., 2009 ). Finally, 44 stretching the axon of the motor neurons by 5% for 30 minutes increases vesicle clustering by 200% 45 (Siechen et al., 2009) . 46 Central nervous system neurons are also subjected to large mechanical stretches and tension with 47 varying rates during development, tumor growth and injuries, and brain swelling. It has been shown 48 that tension is able to direct the growth of primary hippocampal neuron in 2-D culture (Lamoureux et 49 al., 2002) . Various groups have looked at the effect of traumatic strain, strain rate, and stress on cell 50 death regulatory mechanism in brain slice preparations, brain slice culture, dissociated primary 51 culture, and cell line culture (Morrison 3rd et al., 2011; Franze et al., 2013) . However, the effects of 52 mechanical stretches on long and short term synaptic functions remain unclear. 53 Although it has been speculated that mechanical forces play a role in brain morphology (van Essen, 54 1997) and function (Tyler, 2012) , no direct observations have yet been made to demonstrate their 55 effect on brain functionality. In this study, we show, using mouse brain coronal slice, that both a 56 small stretch and a small stretch rate can substantially modulate evoked and spontaneous neural 57 activities in the callosal pathway. We developed an experimental setup that allows us to apply a 58 prescribed amount of stretch in one direction across the brain slice. Concurrently, the setup allows 59 evaluation of spontaneous and electrically evoked neural activities. These activities are quantified by 60 imaging flavoprotein autofluorescence (FA), which originates from the change of oxidation state of 61 mitochondrial flavoproteins upon neuronal activation (Shibuki et al., 2003; Reinert et al., 2007 find the corresponding displacement vector at each subregion. The displacement values were then 113 formulated into a 2-D strain tensor field ( Fig. 1D ), given the plane stress assumption, using the 114 following strain-displacement relationship:
116
where , = 1, 2 define the in-plane coordinates. Effective strain ( ), reported as strain in text, can 117 be defined using the Einstein notation as: 4 This is a provisional file, not the final typeset article = √ .
(2) 119 2.6. Quantification of Evoked Activation 120 We used the coefficient of variation, , (standard deviation over mean) of temporal intensities of 121 each pixel to find the active pixels in our image sequences. To determine the threshold for 122 quantification of activation area, we plot the distribution into a histogram, [ ], and fit the 123 profile to a two-term Gaussian function, ( ). The right tail (with larger values) is expected to 124 deviate from the normal distribution, and we use the point of deviation as our threshold value 125 (Fig. 1E ). The point of deviation, , is defined as: For spontaneous activities quantification during stretching, the adjusted intensity is defined as: Using the platform we developed (Fig. 1A) , the brain slice was gently gripped and tensed until no 139 edge slippage was observed (see Fig. 1B and Materials and Methods for detailed description). As 140 baseline measurement, we took a fluorescence video of 500 seconds long recording the response of 141 the slice to 50 stimulation pulse trains, each 10 seconds apart. The slice was subsequently stretched 142 by 317.5 μm (or 4.2% of total the length of the slice) over 4 seconds (Fig. 1C ). Using the DIC 143 methods (see Materials and Methods), effective strain at responsive area was found to be 2.5% ( Fig.   144 1D), while edge-to-edge global effective strain is 4.2 %. The stretch was maintained for 10 minutes 145 and then entirely released. No measurement was made while the slice was being held. After the slice 146 was released from stretch, we performed the baseline measurement again. This stretch-baseline-cycle 147 was repeated for 4 more times. This paradigm was applied to 4 independent slices from 4 animals.
149
To ensure that the extra excitability is not due to sensitization to electrical stimulations or 150 degeneration of tissue health, control slices were subjected to the same series of manipulation, 151 without the stretch. The control paradigm was applied to 3 independent slices from 3 animals. 
Stretch Effects on Excitability

153
Excitability here is defined as the ratio of number of times the slice responds (detected using FA) to 154 the number it is electrically stimulated. Thus excitability gives the probability of FA response. We found that in all slices undergoing the stretch-baseline-cycle (n=4), excitability increases after every 156 cycle to ultimately 3 times of the original probability ( Fig. 2A ). It thus seems that the slice 157 "remembers" its past history of stretch, and its current excitability results from a cumulative effect of 158 its past stretches. Normalized baseline measurements from the control group (n=3) are plotted next to 159 stretched group. We fit a linear regression to each experiment individually, and the averaged slope is 160 reported in Fig. 2B comparing the slope in stretched and control slices. We found that the stretched 161 slices showed a significant increase in excitability compared to control slices (p=0.013). We note that the area of activation of the slice fluctuates in the stretched group (Fig. 3A) . Further 164 looking into the spatial distribution and the strength of variation in the activation area, we observed a 165 shift in the location of maximum activity in the stretched group. An example is shown in Fig. 3A,   166 with the stretched group at the top row and the control group at the bottom. It is thus possible that the 167 stretch applied and released in between the 2 baseline measurements can lead to a spatial 168 reconfiguration of excitability.
169
Temporal activation profile,
0
, is plotted against time. The amplitude of each fluorescence peak is 170 obtained by subtracting the value preceding the stimulation to the peak 0 value. The first activation 171 amplitude, i.e. the first electrical stimulation after the stretch is released, in each baseline 172 measurement is found to be steady (Fig. 3B) . However, the average activation amplitude is found to 173 decrease after each stretch-baseline cycle. The control amplitudes remain unchanged (Fig. 3C) . We 174 fit a linear regression to the amplitudes in each experiment individually, and the averaged slope is 175 reported in Fig. 3D . All stretched slices show significant negative slope compared to controls (p = 176 0.041) and a significant negative slope of the temporal activation rate (p = 0.028, Fig. 3E ).
177
The attenuations in the signal appear to correlate with the excitability. This leads to the question 178 whether the attenuation of activation amplitude and rate is simply due to the increase in excitability activities in all three cycles of stretch (Fig. 4A) . No activity was observed during the relaxation steps.
192
Out of the 11 stretching steps, 6 (50%) led to an immediate FA response; two others led to FA 193 responses within 13 seconds (Fig. 4B) . The results suggest that a brain slice is sensitive to both 194 maintained stretches and stretch impulses.
6
This is a provisional file, not the final typeset article
Discussion
196
The probability of neural response to electrical stimulation can be increased by applying a stronger responses regardless of what the pathway was subjected to before (Bliss and Lomo, 1973) . 205 Here we show that by maintaining a small stretch for 10 minutes, we can increase this probability shown that there is a strong correspondence in the strength of the 2 signals under normal conditions 213 (Shibuki et al., 2003; Reinert et al., 2004; Llano et al., 2009 ). It has also been shown that only 15% to downstream signaling cascades. One study has attributed the high stretch sensitivity of motor 7 nerve terminals to integrin, a cell-cell adhesion protein (Chen and Grinnell, 1995) . In that study, both 239 the evoked amplitude and the frequency of spontaneous activity increase significantly with the 240 application of stretch on frog muscle. The increase is linear with respect to the magnitude of the 241 stretch applied. The known integrin inhibitors, such as peptides containing the Arg-Gly-Asp (RGD) 242 sequence, suppressed the stretch sensitivity. Enhancement of transmitter release occurs within a few 243 milliseconds of the stretch application, which might affect the stretch-rate sensitivity of neuronal 244 response, i.e. increased responsiveness at faster rate of stretch.
245
Stretch or tension can also increase ionic conductances, similar to peripheral mechanotransducers 246 (Sachs, 1991), either pre-or post-synaptically. Collectively, or individually, alterations in ionic 247 conductances could lower the activation barrier for action potentials or increase post-synaptic 248 sensitivity to presynaptic activity. The change of conductance due to stretch is expected to be 249 instantaneous. Thus this mechanism should also result in strain-rate sensitivity, possibly providing an 250 explanation for the similar sensitivity we observed.
251
There are also clinical implications to this work. Stretching of axons is seen in a large number of 252 clinical conditions, including hydrocephalus, traumatic brain injury and other forms of brain injury 253 leading to edema (e.g., stroke, tumors, infection). The current results imply that even small amounts 254 of stretch can lead to major changes in neuronal function, and may explain hyperexcitability 255 phenomena, such as seizures, that can be seen during these states. Future work will clarify the 256 mechanisms of the changes we observed, and may therefore lead to novel therapeutics to deal with 257 these stretch-induced hyperexcitability. immediate firing after stretch application, 2) delayed firing or no firing before the next stretch.
